The optical linewidth of polariton resonances in semiconductor quantum-well microcavities has been the subject of intense theoretical and experimental work in recent years. Particular attention has been devoted to the role of the static structural disorder in the optical response of semiconductor microcavities in the strong coupling regime. This regime occurs when the damping mechanisms are weak compared to the exciton-photon coupling, resulting in a normal mode energy splitting when the cavity mode is close to the exciton resonance. It has been found experimentally 1, 2 that at resonance the inhomogeneous linewidth of the lower polariton is narrower than that of the upper polariton. This has been explained by a spatial averaging over the disorder potential in the lower polariton 1, 3, 4 ͑motional narrowing͒ or by a linear dispersion theory together with an asymmetric lineshape of the bare quantum well ͑QW͒ excitonic absorption. 2 The role of phonon scattering and polariton-polariton scattering in the homogeneous polariton linewidth has also been recently discussed. Polariton-polariton scattering is predicted to be inhibited in the lower polariton resonance at k ʈ ϭ0 as long as the scattering involves only the small region of k space, where the polariton effective mass is very light due to the photon coupling, resulting in a very small density of states. 5 This leads to a threshold density for the polariton-polariton scattering in the lower polariton branch. 5 Experimental results confirming this prediction have been reported. 6, 7 However, due to the inhomogeneous broadening of the investigated samples, the homogeneous linewidth of the polaritons had to be inferred from nontrivial nonlinear experiments. Polariton-acoustic phonon scattering is also predicted to be strongly quenched in the lower polariton branch, as long as the temperature is low enough to limit the interaction to the zone where the density of states is very small. 8 Indications of this behavior have been experimentally shown 9,10 but again using indirect techniques, based on interferometric timecorrelated secondary emission on inhomogeneously broadened samples. Moreover, no direct comparison between the lower and upper polariton homogeneous broadenings was presented.
In this work we have investigated the temperaturedependent linewidth of homogeneously broadened microcavity polaritons in the strong coupling regime using white-light reflection spectra at normal incidence (k ʈ ϭ0). The sample consists of an MBE-grown 25 nm GaAs/Al 0.3 Ga 0.7 As single quantum well placed in the center of a cavity. An AlAs/Al 0.15 Ga 0.85 As Bragg reflector of 25 ͑16͒ periods was grown at the bottom ͑top͒ of the cavity. The Al 0.3 Ga 0.7 As barriers are 5 nm thick and the rest of the spacer layer consists of Al 0.05 Ga 0.95 As. The spacer layer is wedged, in order to tune the cavity mode along the position on the sample. Details on the growth conditions and sample design can be found in Ref. 11 . The white-light source was focused on the sample with a spot diameter of 75 m, resulting in a variation of the cavity resonance over the spot size of only 100 eV, due to the wedged geometry. This variation is more than a factor of 2 smaller than the cavity linewidth, as shown in the following. Smaller spot diameters resulted in an increased cavity linewidth due to larger incident k vectors. The sample was held in an exchange gas cryostat, at temperatures from Tϭ11 to 100 K. For TϽ40 K, the spectra were detected using a high resolution spectrometer and a CCD camera, with a spectral resolution of 15 eV half width at half maximum ͑HWHM͒. Above 40 K, a normal resolution spectrometer was used resulting in 50 eV HWHM resolution. All the linewidths will be given in the paper as HWHM.
The use of a wide GaAs quantum well leads to a homogeneously broadened QW exciton absorption resonance, as experimentally shown in Ref. 12, due to the small effect of interface roughness on the confined excitons. An absorption linewidth of 60 eV at 5 K is found at the 1s heavy-hole exciton, dominated by radiative decay. 12 The exciton-photon coupling in the microcavity structure leads to three polariton resonances, arising from the mixing of the heavy-hole ͑HH͒ exciton, light-hole ͑LH͒ exciton, and cavity modes. Measurements at 11 K of the polariton resonances at different detuning between the cavity mode and the HH exciton can be fitted by a three coupled-oscillator model from which we have inferred a Rabi splitting of 3.6 meV for the HH and 2.2 meV for the LH excitons. 11 The temperature dependence of the reflectivity spectra for a tuning of the cavity mode approximately in resonance with the HH exciton is shown in Fig. 1 . The spectra have been corrected for the temperature induced band-gap shifts by aligning the reflectivity minima of the lower polariton ͑LP͒, for better clarity. It can be clearly seen that the middle ͑MP͒ and upper polariton ͑UP͒ R13 377 ©2000 The American Physical Society linewidths are strongly broadened by increasing the temperature, while the LP is narrower than MP and UP for TϾ11 K. The reflectivity spectrum at 11 K is fitted with a Lorentzian lineshape at each resonance, as shown in Fig. 2 . A linewidth of 95 eV at each of the resonances is found. At higher temperatures, the linewidth broadening leads to a partial merging of the polariton line shapes, especially for the MP and UP. In this case we have fitted the reflectivity spectrum using a triple-correlated Lorentzian function, according to the following expression:
where E n (nϭ1,2,3) are the three polariton energy resonances and ␥ n are the corresponding linewidths. A n are amplitude fit parameters, and ␦ n are the relative phases.
The validity of this expression to fit the data has been checked by simulating the reflectivity spectrum in the microcavity with transfer matrix calculations. A perfect agreement between the numerical simulations and the formula used was found. The physical meaning of Eq. ͑1͒ is that the total electric field associated with the structure has to be calculated, by summing over the amplitude transmission coefficients of each resonance, to give rise to the reflectivity spectrum. 13 The use of this formula to fit the spectrum at 100 K is shown in Fig. 2 . An excellent agreement between the data and the fit is found.
Savona and Piermarocchi 8 pointed out that a strong reduction in the temperature-dependent broadening of the LP linewidth compared to the UP is expected when calculating the scattering rate by acoustic-phonon absorption of the lower polariton at k ʈ ϭ0. In their work, the difference between the detuning dependence of the homogeneous linewidth resulting from the calculation and from linewidth averaging is also pointed out. The linewidth averaging approach is obtained by solving the complex eigenvalue problem of the excitonphoton coupled system 8 at k ʈ ϭ0. This approach is questionable when the broadening mechanisms are related to scattering between different k ʈ , and thus influenced by the different dispersion in the microcavity compared to the bare QW. 8 The linewidth averaging predicts that LP and UP linewidths are equal at resonance ͑zero detuning͒ for two coupled oscillators. The calculation of Savona and Piermarocchi shows that the LP linewidth is smaller than the UP one at zero detuning. Consequently, the crossing point between the LP and UP linewidths is shifted towards negative detuning, i.e., when the cavity resonance is below the exciton resonance, assuming ␥ HH Ͻ␥ c where ␥ HH and ␥ c are the bare HH and cavity linewidths, respectively.
In Fig. 3 we show the measured detuning dependence of the linewidths for the three polariton resonances at three different temperatures, as indicated, and we compare it with the linewidth averaging in a three-coupled oscillators system. The detuning is defined as ␦ϭE c ϪE HH with E c and E HH being the cavity and bare HH exciton energies. At 11 K, a cavity linewidth of 130 eV and a bare exciton linewidth of 75 eV is deduced from the large negative detuning data. The corresponding detuning dependence expected by linewidth averaging is shown in the lower part of the figure. Due to the presence of three resonances, the calculated crossing point is not at ␦ϭ0, and does not correspond to 0.5 photonic and excitonic content, as in the two-coupled oscillators model. 8 Instead, the crossing point between LP and UP occurs at ␦ϭ1.2 meV where the photonic content is 0.37 and the total ͑HHϩLH͒ exciton content is 0.63 both in the LP and UP eigenstate. 11 From our measurements at 11 K, the crossing between the linewidths is obtained at ␦ϳ0. For large positive detunings, the UP linewidth, which is cavitylike, is increased by the absorption from the QW continuum. At 20 K a larger bare-exciton linewidth of about 90 eV is measured at negative detuning, as expected from enhanced scattering mechanisms at higher T on the bare exciton. The crossing point between the LP and UP occurs at a slight negative detuning. At 70 K the bare exciton linewidth is above the cavity linewidth, and no crossing between the LP and UP occurs at any detuning. Therefore, the simple line- width averaging is not verified by our experimental findings at any temperature, in agreement with the discussion in Ref. 8 .
The physical quantities of interest in the reduced acousticphonon absorption of the LP branch at k ʈ ϭ0 are the energy separation ⌬E, between the LP resonance at k ʈ ϭ0 and the HH bare exciton, and the cutoff (q c ) in the wave vector exchanged between the acoustic phonon and the exciton in the QW. 8, 5, 10 The k dispersion of the LP branch approaches the HH bare exciton for k ʈ ӷ0, where a flat dispersion is recovered due to the large exciton mass. Therefore, ⌬E is the energy barrier to overcome in order that the excitonlike part of the LP dispersion becomes available as final states for scattering via phonon absorption. As long as k B TϽ⌬E, only a small scattering phase space is available and the broadening in the LP is negligible. 8 When k B TϾ⌬E, the scattering rate depends on the comparison between the acoustic phonon energy associated with q c ͑i.e., បvq c with the sound velocity v) and ⌬E. When បvq c Ͻ⌬E, the phonon scattering of the lower polariton branch is expected to be several orders of magnitude smaller than for the bare exciton. 10, 5 We estimate បvq c ϭ1.24 meV, with vϭ5000 ms Ϫ1 and 10 q c ϭ3/L, where L is the width of the quantum well. At ␦ϭ0 we have ⌬Eϭ2 meV and at ␦ϭ1.2 meV, ⌬Eϭ1.43 meV. We therefore expect in our structure a strong reduction in the acoustic-phonon absorption rate of the LP, corresponding to a nearly constant LP linewidth versus temperature until the LO-phonon absorption becomes active. The MP and UP linewidths, instead, should almost follow the temperature dependence of the bare QW exciton. 8 In Fig. 4 the LP, MP, and UP linewidths versus T are shown at ␦ϭ0 and ␦ϭ1.2 meV. The temperature dependence of the linewidth of the bare exciton, as expected from acoustic and optical phonon scattering is also shown ͑solid line͒, weighted by the excitonic content at ␦ϭ1.2 meV. An acoustic phonon coefficient of 2.1 eV/K, and an optical phonon coefficient of 10 meV are used, in agreement with the measured dependence in the bare QW, 12 and a small inhomogeneous broadening of 25 eV, which is realistic for the investigated quantum well, is also included. The measured temperature dependence in the MP and UP is surprisingly quite different from the one expected by phonon scattering ͑even at large negative detuning where the MP and UP tend to the bare HH and LH exciton͒. In particular, the linewidth of MP and UP is always higher than expected, indicating that additional scattering mechanisms are taking place. We believe that an excess of free carriers in the microcavity structure, possibly due to unintentional doping of the Bragg reflectors, is responsible for a polariton scattering additional to the phonon interaction. The nonlinear increase of the linewidth up to 40 K could be due to an increased kinetic energy of the free carriers with temperature. Above 40 K, the linewidth is slightly reduced up to 65 K. This could be explained by phonon assisted escape of the excess of carriers from the QW, via tunnelling through the shallow barriers, and consequent reduction of the free carrier concentration in the well. Finally, above 65 K an increased linewidth versus T, with a similar trend as the one due to LO-phonon absorption in the bare exciton, is found. We would like to point out that the investigated sample is one of the highest qualities shown up to now, with a ratio of 19 between the HH Rabi splitting and the linewidth at zero detuning. We believe that the presence of free carriers is a common problem in microcavities, often simply masked by a dominant inhomogeneous broadening. Note that Cassabois et al. 10 use an acoustic phonon coefficient of 11 eV/K to explain their results, much too high compared to what is reported in good-quality In x Ga 1Ϫx As quantum wells, 14 and possibly overestimated due to free carrier scattering. Anomalous photoinduced quenching of the polariton linewidth has been reported in In x Ga 1Ϫx As quantum well microcavities, 15 which could be also explained by a reduction of the free carrier density via recombination with the photoinduced carriers.
The measured temperature dependence of the polariton linewidths yields higher values than expected from pure phonon scattering, due to the additional free carrier scattering. However, we do observe a narrower linewidth in the LP compared to the MP and UP at all the investigated temperatures. It is actually reasonable that also free carrier scattering is quenched in the low polariton branch due to the general argument of a small density of states at small k ʈ in the LP dispersion, which also explains a reduced polariton-polariton scattering. 5, 16 In the top part of Fig. 4 , the ratio between the UP and LP linewidth, after subtracting the cavity linewidth weighted by the photonic content, is shown versus temperature for ␦ϭ0 and 1.2 meV. At ␦ϭ0, the LP and UP do not have the same excitonic content, and the ratio has been multiplied with the ratio of the LP and UP excitonic content. According to the average linewidth model, this ratio should be 1 at all temperatures, as long as the correction to the Rabi splitting due to the broadening is negligible, 17 which is applicable in our case up to 100 K as experimentally verified. We clearly observe that the ratio is always above 1 and tends to 2 at 100 K. A ratio of 2 is obtained when the UP is broadened by acoustic and optical phonons of equal scattering rates, as is the case at ϳ100 K, while the LP is only broadened by the LO-phonon scattering. This indicates that a phononscattering picture tends to be recovered at high temperatures when the LO-phonon scattering dominates over the free carrier scattering. 18 In conclusion, we have experimentally demonstrated that the LP homogeneous linewidth is narrower than the MP and UP linewidths in the strong-coupling regime and at all temperatures from 11 to 100 K. We presented, to the best of our knowledge, the first direct evidence of reduced scattering processes in the homogeneous broadening of the LP compared to the UP. The measured temperature dependence of the linewidth shows a surprising behavior, that cannot be simply attributed to phonon scattering, and is assigned to a temperature dependent additional scattering from excess free carriers in the investigated structure.
